Differences in the rotational properties of multiple stellar populations
  in M 13: a faster rotation for the "extreme" chemical subpopulation by Cordero, M. J. et al.
Mon. Not. R. Astron. Soc. 000, 1–21 (2016) Printed 11 August 2018 (MN LATEX style file v2.2)
Differences in the rotational properties of multiple stellar
populations in M 13: a faster rotation for the “extreme” chemical
subpopulation
M. J. Cordero1?‡, V. He´nault-Brunet2,3†‡, C. A. Pilachowski4, E. Balbinot3,
C. I. Johnson5, A. L. Varri6
1 Astronomisches Rechen-Institut, Zentrum fu¨r Astronomie der Universita¨t Heidelberg, Mo¨nchhofstrasse 12-14, D-69120 Heidelberg, Germany
2 Department of Astrophysics/IMAPP, Radboud University, PO Box 9010, NL-6500 GL Nijmegen, the Netherlands
3 Department of Physics, Faculty of Engineering and Physical Sciences, University of Surrey, Guildford, GU2 7XH, UK
4 Astronomy Department, Indiana University Bloomington, Swain West 319, 727 East 3rd Street, Bloomington, IN 47405-7105
5Harvard-Smithsonian Center for Astrophysics, 60 Garden Street, MS-15, Cambridge, MA 02138, USA
6Institute for Astronomy, University of Edinburgh, Royal Observatory, Blackford Hill, Edinburgh EH9 3HJ, UK
Accepted —. Received — ; in original form —
ABSTRACT
We use radial velocities from spectra of giants obtained with the WIYN telescope, coupled
with existing chemical abundance measurements of Na and O for the same stars, to probe
the presence of kinematic differences among the multiple populations of the globular cluster
(GC) M13. To characterise the kinematics of various chemical subsamples, we introduce a
method using Bayesian inference along with an MCMC algorithm to fit a six-parameter kine-
matic model (including rotation) to these subsamples. We find that the so-called “extreme”
population (Na-enhanced and extremely O-depleted) exhibits faster rotation around the cen-
tre of the cluster than the other cluster stars, in particular when compared to the dominant
“intermediate” population (moderately Na-enhanced and O-depleted). The most likely differ-
ence between the rotational amplitude of this extreme population and that of the intermediate
population is found to be ∼ 4 km s−1, with a 98.4% probability that the rotational amplitude
of the extreme population is larger than that of the intermediate population. We argue that the
observed difference in rotational amplitudes, obtained when splitting subsamples according to
their chemistry, is not a product of the long-term dynamical evolution of the cluster, but more
likely a surviving feature imprinted early in the formation history of this GC and its multiple
populations. We also find an agreement (within uncertainties) in the inferred position angle
of the rotation axis of the different subpopulations considered. We discuss the constraints that
these results may place on various formation scenarios.
Key words: galaxies: star clusters: general – globular clusters: general – stars: kinematics
and dynamics – stars: abundances – globular clusters: individual (M13/NGC6205)
1 INTRODUCTION
All well-studied Galactic globular clusters (GCs) exhibit star-to-
star abundance variations with enhancement in N, Na, and Al, and
depletion in C and O (and occasionally depletion in Mg; e.g. Grat-
ton et al. 2012). The study of Carretta et al. (2009) has revealed that
typically 60 − 70% of the cluster stars show light-element abun-
dance variations that are not usually found in field stars, although
recent work by Milone et al. (2016) showed that the fractions of
? E-mail: mjcorde@ari.uni-heidelberg.de
† E-mail: v.henault-brunet@astro.ru.nl
‡ The two lead authors are listed alphabetically.
cluster stars with chemical composition differing from halo stars
are less uniform (ranging from ∼33% to ∼92%) than those from
the sample of Carretta et al. (2009)1. Understanding the origin of
the light element abundance spreads among GCs is one of the great
unsolved problems in the study of stellar populations, and its solu-
1 Note that the observed fraction of enriched stars depends on the radial
distribution of the subpopulations and the region of the cluster sampled, and
may thus differ from the true “global” fraction of enriched stars. Milone et
al. (2016) measure the “local” fraction in the central regions of the clus-
ters from Hubble Space Telescope (HST) photometry, while Carretta et al.
(2009) infer it from spectroscopic studies sampling more external regions.
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tion potentially encodes crucial information that would reveal how
GCs form.
Two popular scenarios for the formation of multiple popula-
tions invoke multiple star formation episodes, where later genera-
tions form out of gas polluted by the ejecta of an earlier genera-
tion of stars. These scenarios typically adopt fast rotating massive
stars (e.g. Decressin et al. 2007) or asymptotic giant branch stars
(AGB; e.g. D’Ercole et al. 2008) as the stellar candidates respon-
sible for the chemical anomalies observed ubiquitously in GCs2.
In both of these scenarios, the mass of stellar ejecta available to
form later generations is insufficient to account for the large ob-
served fractions of enriched stars. To overcome this issue, these
scenarios either adopt a non-standard initial mass function for the
different generations (e.g. Decressin et al. 2007) and/or predict that
GCs were 10-100 times more massive at birth (e.g. D’Ercole et
al. 2008). This last implication is however in conflict with obser-
vations of the number ratio of GC and field stars in nearby dwarf
galaxies (Fornax, WLM, IKN), which suggest that GCs in these
systems could not have been more than about five times more mas-
sive initially (Larsen et al. 2012, 2014). In addition to the two
sources of enriched material mentioned above, super-massive stars
with M ∼ 104 M have also been considered as polluters to explain
the detailed abundance patterns observed in GCs (Denissenkov &
Hartwick 2014; Denissenkov et al. 2015). Bastian et al. (2013) also
proposed a scenario that does not invoke multiple generations of
stars, and in which the enriched material is released by massive
interacting binaries (de Mink et al. 2009) and accreted onto the
circumstellar discs of low-mass pre-main sequence stars from the
same stellar generation (although see Wijnen et al. 2016, which
highlights important limitations regarding the efficiency of such
an accretion process). For a more detailed review of the different
formation scenarios for multiple populations developed so far, in
particular with respect to their shortcomings in simultaneously re-
producing the observed abundance patterns of Na, O, and He in
different GCs, we refer to Bastian (2015), Bastian et al. (2015), and
Renzini et al. (2015). In short, none of the scenarios proposed so
far provides a complete and satisfying explanation to the presence
of multiple populations in GCs.
Understanding the formation and evolution of GCs and their
multiple populations requires theoretical and observational efforts.
From the observational perspective, the presence of light-element
abundance variations has been probed by using low- (e.g. Smith
et al. 1996; Harbeck et al. 2003; Smolinski et al. 2011) or high-
resolution spectroscopy (e.g. Kraft 1994; Gratton et al. 2004; Car-
retta et al. 2009), and with photometry using narrow band filters
covering molecular bands sensitive to the abundances of C, N, and
O abundances (e.g. Lardo et al. 2011; Piotto et al. 2015; Mas-
sari et al. 2016), where the light-element abundance spreads show
up as split or broad sequences in the colour-magnitude diagrams
(CMDs).
2 One possible exception is Ruprecht 106, a relatively young and mas-
sive GC which appears to have a homogeneous chemical composition (Vil-
lanova et al. 2013), although it is currently unclear whether the apparent
homogeneity could be due to a preferential sampling of “primordial” stars
towards the outskirts of this cluster and/or to uncertainties/biases in the re-
ported Na abundances stemming from their adopted NLTE corrections. Fur-
thermore, it is worth noting that the low abundances of alpha elements in
Rup 106 (with respect to Galactic GCs) suggest an accreted origin. The
low-mass Galactic GC E 3 also displays a CN abundance pattern consistent
with a single stellar population with no self-enrichment (Salinas & Strader
2015).
Additional insights have emerged by studying large samples
of stars covering a wide spatial range in several GCs. For instance,
Lardo et al. (2011) found a difference in the radial distributions
(from about the half-light radius and beyond) of the different pop-
ulations identified using Sloan u − g photometry in a number of
GCs (M2, M3, M5, M13, M15, M53, and M92). In their study, the
presumably N-enriched stars were found to be more centrally con-
centrated. Previous low-resolution spectroscopy studies have also
found that the N-rich population is more centrally concentrated in
the metal-rich GC 47 Tuc (e.g. Briley 1997). This finding was con-
firmed by Milone et al. (2012) using HST photometry and Cordero
et al. (2014) using high-resolution spectroscopy. A spatial separa-
tion among the multiple populations in GCs could have been im-
printed during the early stages of GC formation. For instance, in
the scenario proposed by D’Ercole et al. (2008), a second gener-
ation forms in the central regions of a cluster. Furthermore, Ves-
perini et al. (2013) studied the long-term dynamical evolution of a
multiple generations scenario with initial spatial segregation. Their
N-body simulations indicate that the multiple populations do not
fully mix spatially until a GC has lost ∼ 60 − 70% of its initial
mass due to two-body relaxation (see also He´nault-Brunet et al.
2015; Miholics et al. 2015). In this framework, the multiple pop-
ulations of dynamically less evolved GCs, such as 47 Tuc, are not
completely mixed and still exhibit an imprint of their initial distri-
butions, whereas GCs that have lost a large fraction of their mass
would be fully mixed spatially (e.g. NGC 6362 - Dalessandro et al.
(2014), Miholics et al. (2015); M71 - Cordero et al. (2015a)).
It is however worth noting that the trend of a more centrally
concentrated enriched population is maybe not universal. Using
HST/WFC3 photometry, Larsen et al. (2015) found that the gi-
ants with normal composition are more centrally concentrated than
the enriched giants in the inner parts of M15 (i.e. within the half-
light radius). A similar reversed trend with respect to what was
found in previous studies was also reported by Lim et al. (2016),
who found the CN-weak stars to be more centrally concentrated
compared to the CN-strong stars in the GCs NGC 362 and NGC
6723, although their samples (based on ground-based narrow-band
photometry) are incomplete in the central regions of the clusters.
Larsen et al. (2015) showed that to explain their observed radial
distributions in M15 in terms of dynamical mass segregation, gi-
ants with normal composition would need to be ∼ 0.25 M more
massive than their enriched counterparts. If this mass difference
was due to a different initial helium composition for the different
subpopulations, it would imply an extreme He enhancement for the
enriched stars (Y ∼ 0.40), which is not compatible with the mod-
est He enhancement deduced from the colour-magnitude diagram
of M15 (see Larsen et al. 2015, and discussions therein). Whether
the spatial distribution trend observed in the central regions of M15
then reflects initial conditions (Larsen et al. 2015), or to what ex-
tent other factors - like a difference in the binary fraction of differ-
ent chemical populations (see the paragraph below) or unaccounted
observational systematic effects affecting the inferred radial distri-
butions - could play a role however remains an open question (see
e.g. He´nault-Brunet 2015). It will be interesting to compare future
HST studies quantifying the spatial distribution of multiple popu-
lations in the inner parts of GCs with the behaviour reported in the
above-mentioned studies.
Another piece of the puzzle comes from studies of binary star
populations in GCs. Using N-body simulations to explore a sce-
nario in which a second generation formed more centrally con-
centrated, Hong et al. (2015) predicted a higher binary disrup-
tion rate for “second-generation” (Na-enriched) stars compared to
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“first-generation” (Na-normal; “field-like”) stars. The first attempt
to distinguish differences between binary fractions among multi-
ple populations was done by D’Orazi et al. (2010) who found a
lower binary fraction among Na-enriched stars by searching for
Ba-enhanced giant stars in 15 GCs and radial velocity variations
in NGC 6121. In absence of multi-epoch radial velocity measure-
ments, Ba-enhanced stars allow to trace the incidence of binaries
assuming the enrichment in Ba comes from s-process polluted ma-
terial transfered from a former AGB binary companion. This as-
sumption can be verified by modeling the s-process abundance pat-
tern of Ba-enriched stars with AGB yields. For instance, Cordero
et al. (2015b) confirmed from the analysis of many s-process el-
ements that the abundance pattern of a Na-normal s-process en-
hanced star in 47 Tuc is consistent with enrichment by mass trans-
fer from an 1.3 M AGB companion. Clearly, s-process polluted
stars that are/were part of a binary system can provide insights
into multiple populations and binary evolution, but because these
stars are extremely rare in GCs, their use for testing GC formation
models is limited. A systematic and effective search for differences
in binary fractions between Na-normal and Na-enriched stars was
performed by Lucatello et al. (2015) on a sample of ten GCs. Their
radial velocity campaign suggested that binary stars are more abun-
dant among the Na-normal stars, which is consistent with the pre-
diction by Hong et al. (2015) that the binaries of the Na-enriched
population would be more efficiently destroyed if they were born
in a denser environment (i.e. as part of a more centrally concen-
trated population). Given the lower mass at a given age of helium-
enriched stars, binaries with enriched stars would also be easier to
unbind (at the same encounter rate) than binaries with more mas-
sive “helium-normal” stars, but the effect is expected to be small
(Lucatello et al. 2015).
Besides chemical anomalies and intriguing spatial properties,
the multiple populations of galactic GCs also display hints of kine-
matic differences in the outer regions of clusters (around the half-
light radius and beyond). In a pioneering study of 20 GCs, Bellazz-
ini et al. (2012) found a slightly lower line-of-sight velocity dis-
persion in the Na-enhanced groups of three GCs (NGC 6388, NGC
6441, NGC 2808) compared to stars with normal Na abundance.
Furthermore, the Na-normal groups of three GCs in the Bellazzini
et al. (2012) sample (NGC 2808, NGC 6171, and NGC 7078) seem
to exhibit larger rotational amplitudes by a few km s−1compared
to Na-enhanced stars, although the differences reported were based
on small samples and the statistical significance of these differences
was not reported. Similarly, proper-motion and radial-velocity stud-
ies suggest that the enriched population of 47 Tuc may have a lower
velocity dispersion (Richer et al. 2013; Kucinskas et al. 2014).
Also in 47 Tuc, Richer et al. (2013) found that the presumably
He-enriched stars (bluer main-sequence stars) have a more radially
anisotropic velocity distribution (in the plane of the sky) based on
HST proper motions in a field located around 2 half-light radii from
the centre of the cluster. A similar signature was reported by Bellini
et al. (2015) in NGC2808, also based on HST proper motions,
where stars between ∼ 1.5 and 2 half-light radii and coinciding
with the presumably He-enchanced populations show a more radi-
ally biased velocity distribution than the populations corresponding
to normal non-enriched stars.
Connecting the kinematic and chemical properties of multiple
populations in GCs offers a new approach for understanding how
they formed. In particular, in the outer regions of clusters, where
the relaxation timescale is longer and mixing is less important, we
may expect to see imprints of the initial conditions and formation
process of multiple populations. The simulations of Bekki (2010,
2011), Mastrobuono-Battisti & Perets (2013, 2016) and He´nault-
Brunet et al. (2015) have studied the synergy between the kine-
matic, spatial/morphological, and chemical properties of the multi-
ple populations in GCs. In particular, He´nault-Brunet et al. (2015)
explored what type of kinematic signatures would survive the long-
term dynamical evolution of old GCs and may allow to distinguish
different formation scenarios. Based on these results, it is worth
emphasising that the kinematic differences reported so far between
multiple populations in some GCs are not unique signatures of a
specific formation scenario. The observational evidence collected
in the outer parts of clusters is generally consistent with an enriched
population forming more centrally concentrated, which is predicted
in all the scenarios proposed to date. If two-body relaxation has not
completely erased spatial and kinematic differences between sub-
populations, the population that is more centrally concentrated is
indeed expected to be dynamically cooler (i.e. lower velocity dis-
persion) and to have developed a more radially biased velocity dis-
tribution as it diffuses outwards. As pointed out by He´nault-Brunet
et al. (2015), a difference in the rotational amplitude of subpopu-
lations is a potential signature that would provide further insight
and possibly unique constraints to distinguish between formation
scenarios, because the initial orbital configuration of normal and
enriched stars implied by different scenarios can lead to opposite
predictions for the sign of the difference in rotational amplitude.
In the present work, we study the GC M13 (NGC 6205) from
a chemodynamical perspective and perform the first systematic
search for kinematic differences between its multiple chemical pop-
ulations. This old (12.25 Gyr; VandenBerg et al. 2013) and mod-
erately metal-poor ([Fe/H] ∼ −1.5; e.g. Johnson & Pilachowski
2012) GC exhibits relatively strong rotation (Lupton et al. 1987;
Cordero 2014; Fabricius et al. 2014), has an Na-enriched and O-
depleted population that is more centrally concentrated (Lardo et
al. 2011; Johnson & Pilachowski 2012), as well as three chemical
subpopulations (Johnson & Pilachowski 2012). The characteristics
above, combined with the relatively large spectroscopic dataset of
Johnson & Pilachowski (2012) from which precise radial veloc-
ities and uncertainties can be extracted, along with the hint of a
difference in the rotational amplitude of its multiple populations
(Cordero 2014), makes it an ideal target to perform such a study
and introduce a robust statistical method to investigate the kine-
matics of multiple populations. We present the observations used
in Section 2, our kinematic analysis of subpopulations in Section
3, a discussion of these results in Section 4, and summarise our
findings in Section 5.
2 OBSERVATIONS
2.1 Data reduction and analysis
The spectra were acquired using the WIYN-Hydra fiber positioner
(R ≈ 18,000) on 2011 May 19-20 (Johnson & Pilachowski 2012)
and have wavelength coverage ranging from 6050–6350 Å. The
data reduction process (see also Johnson & Pilachowski 2012) was
accomplished with standard IRAF tasks, which included using the
ccdproc routine to trim and bias subtract the raw frames. The do-
hydra routine was used to identify and trace the fibers, apply the
flat-field correction, measure and apply the wavelength calibration,
remove cosmic rays, extract individual fibers, and subtract the sky
spectra. Several exposures for each star (ranging from 4 to 12 in
our program) were taken to build high S/N spectra, which have
been previously used to determine Fe, Na, and O abundances by
c© 2016 RAS, MNRAS 000, 1–21
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Table 1. Basic data and measured radial velocities for M13. This table is provided in its entirety in a machine-readable form in the online journal.
ID R.A. Dec. V 〈RV〉 σ〈RV〉 [O/Fe] [Na/Fe]LTE Population
J2000 J2000 [km s−1] [km s−1]
CM 12 250.556994 36.554123 15.28 −235.7 0.5 0.74 −0.01 P1
K 188 250.179091 36.461632 13.39 −243.2 0.4 0.37 0.22 P2
K 224 250.275644 36.422974 14.52 −246.0 0.4 0.38 0.50 P2
K 228 250.277032 36.47047 13.31 −249.8 0.4 −0.06 0.52 P2
K 422 250.401823 36.285603 14.02 −243.0 0.4 0.44 0.22 P2
K 647 250.546518 36.306267 14.71 −244.1 0.5 −0.07 0.07 P2
K 656 250.56175 36.45554 13.04 −241.7 0.4 0.26 0.03 P2
K 659 250.568872 36.416309 14.24 −240.3 0.4 −0.01 0.33 P2
K 674 250.588623 36.564819 14.26 −249.4 0.4 0.69 0.26 P2
K 699 250.657823 36.403545 13.75 −248.4 0.4 0.22 0.40 P2
L 6 250.291419 36.502876 15.00 −251.5 0.5 −0.02 0.36 P2
L 16 250.312979 36.398304 14.60 −245.6 0.5 0.44 −0.18 P1
L 18 250.313409 36.490002 13.78 −249.8 0.4 0.10 0.11 P2
L 26 250.32086 36.429989 13.58 −242.5 0.4 −0.14 0.28 P2
L 29 250.323850 36.491638 14.51 −238.1 0.5 ... 0.52 P2/P3
L 32 250.327637 36.478725 15.12 −242.3 0.5 0.01 0.50 P2
Johnson & Pilachowski (2012). Individual exposures had signal-
to-noise ratios (S/N) ranging from about 25-50.
Relative radial velocities were measured on single exposures
by cross-correlating the object spectrum with a smoothed synthetic
spectrum of similar atmospheric parameters. The synthetic spectra
used as a template are interpolated models from the grids of Coelho
et al. (2005). We used the cross-correlation task fxcor in IRAF to
determine a cross-correlation profile, whose strongest peak repre-
sents the radial velocity of the star. Fxcor allows to interactively se-
lect wavelength regions that are clear of bad pixels and telluric fea-
tures. For each star the strongest peak of the cross-correlation func-
tion was well fit by a Gaussian. A quantitative estimate of the qual-
ity of the Gaussian fit, based on the Tonry-Davis R-value (Tonry
& Davis 1979), is given by fxcor in addition to the velocity mea-
surement and its uncertainty. The R-value corresponds to the ratio
of the strongest cross-correlation peak height to the average height
of unselected peaks. As a rule of thumb, velocities with an R-value
> 5 are regarded as reliable. In our sample the R-values were al-
ways greater than 12 (and typically 30), ensuring that the veloci-
ties included in our analysis are reliable. Heliocentric corrections
were applied to the relative velocities obtained for each exposure
using the IRAF task rvcorrect. Radial velocities determined from
different exposures of the same star were found to be in agreement.
Finally, an error-weighted average heliocentric velocity with its er-
ror was computed for each star. The weighted average heliocentric
velocity of the whole sample is −244.8 km s−1 (standard deviation
6.1 km s−1), which is in agreement with the systemic velocity of
−246.2 km s−1 reported by Lupton et al. (1987) and with the mean
heliocentric radial velocity of −244.2 km s−1 (standard deviation
7.1 km s−1) taken from the catalogue of Harris (1996, 2010 edi-
tion). These are also in agreement with our Bayesian determination
of the mean velocity of the full sample (see Section 3).
Table 1 presents the identifications from Ludendorf (1905)
and Kadla (1994), coordinates, V magnitudes, error-weighted av-
erage heliocentric radial velocities, radial velocity errors, chemical
abundance ratios for Na and O from Johnson & Pilachowski (2012),
and chemical population classification (see next section) for a sam-
ple of 113 giant stars.
2.2 Chemical classification
All the stars in our sample have proper motion membership prob-
abilities higher than 70%3, radial velocities within 3σ from the
cluster’s mean radial velocity, and uniform [Fe/H] ratios within
the errors, ensuring membership to the cluster. To assess the possi-
ble field contamination rate in our sample, we used the Besanc¸on
Galaxy model (Robin et al. 2003) to create a synthetic CMD and
velocity distribution along lines of sight near M13. This exercise re-
turned a 0.05% probability that a random field star would have a ve-
locity, metallicity, surface gravity, and color that is similar to those
expected for M13 giants. Combined with our previous membership
vetting using the Cudworth & Monet (1979) proper motions, the
Besanc¸on simulation suggests that field star contamination in our
sample is negligible. M13 has an extended Na-O anticorrelation as
can be seen in Figure 1. To distinguish its multiple populations, we
separated the Na-normal population, i.e. stars with halo-like chemi-
cal composition ([Na/Fe]< 0 and [O/Fe]> 0), from the Na-enriched
3 Proper motion membership data was obtained from Cudworth & Monet
(1979).
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Figure 1. Na-O anticorrelation for M13 giants using Na and O abundances
from Johnson & Pilachowski (2012). See Section 2.2 for the justification of
the three chemical groups (P1, P2, and P3) identified.
stars. We refer to the Na-normal population as P1. The Na-enriched
stars constitute the majority of the sample and span a wide range of
[O/Fe] abundance ratios (∼1.5 dex). The Na-enriched stars follow
a continuous distribution in the Na-O plane, which is likely a con-
sequence of the spectroscopic errors (typically 0.15 dex in [Na/Fe]
and [O/Fe] for the stars in our sample), challenging the identifica-
tion of different chemical groups. To overcome this issue we used
a k-means clustering algorithm on the Na-enriched stars to sepa-
rate the O-depleted stars from the extremely O-depleted stars. The
k-means algorithm is a simple unsupervised machine-learning al-
gorithm that randomly assigns cluster centers to the data; the clus-
ter centers are refined by determining the vector mean of the initial
clusters in an iterative process until convergence, allowing the clas-
sification of the full data set. The cluster membership of each data
point is determined by minimizing the distance to the final clus-
ter centers. These two groups were named P2 (Na-enriched and
O-depleted stars) and P3 (Na-enriched and extremely O-depleted
stars). Notice that two stars in our sample have only Na or O abun-
dance measurements, but not both. In particular star L1050 does
not have a Na estimate; however, its O abundance allows to clas-
sify this star as either P1 or P2 population. Similarly, star L 29 does
not have an O abundance, thus, L 29 can be classified as either P2
or P3.
3 KINEMATIC ANALYSIS
3.1 Method
We describe in this section a Bayesian method aimed at quantifying
the kinematic properties of the multiple chemical populations in the
GC M13. We use a discrete fitting technique to compare a simple
kinematic model (including a radial depdendence of the rotational
amplitude and velocity dispersion of the cluster) to individual radial
velocities. We apply this method to the chemical subsamples P1,
P2, and P3 defined in the previous section, as well as to the sample
as a whole (P1+P2+P3) and to a combination of subsamples P1 and
P2. Radial velocity maps of the three main samples discussed below
(P2, P3, and P1+P2+P3) are shown in Figure 2. An indication of
rotation can already be seen just by looking at these velocity maps
and noticing the velocity gradient across the cluster.
According to Bayes theorem, the posterior probability distri-
bution of the model parameters Θ, given the data x, is given by
p(Θ|x) = p(x|Θ)p(Θ)
p(x)
, (1)
where p(Θ) is the prior probability distribution, p(x|Θ) is the likeli-
hood function, and p(x) is the evidence. In the context of the present
analysis, the latter is a normalisation factor which we will simply
neglect. In the cases considered here, the data x is a set of N stars
with radial velocities vi (and uncertainties σv,i) and known on-sky
coordinates.
The probability of the data given the model parameters, i.e.
the likelihood function, is expressed as
p(x|Θ) =
N∏
i=1
Λi(xi|Θ) , (2)
which is the product of individual likelihood functions Λi(xi|Θ) cal-
culated for every star in the sample. The likelihood function for the
radial velocity of individual stars depends on our assumption for the
rotation curve of the cluster as well as its velocity dispersion pro-
file. For the velocity dispersion profile, we assume the functional
form of the Plummer (1911) model, defined by its central velocity
dispersion σ0 and its scale radius a:
σ2(R) =
σ20√
1 + R2/a2
, (3)
where R is the projected distance from the centre of the cluster.
For the family of projected Plummer (1911) models, a is equal to
the half-mass radius, which is equivalent to the half-light radius if
the mass-to-light ratio is constant throughout the cluster. Note that
this is not necessarily the case for GCs, which are typically mass
segregated due to their collisional nature, as appears to be the case
for M13 (e.g. Goldsbury et al. 2013). We stress that our goal here
is not to perform a detailed and self-consistent dynamical analy-
sis of M13, but to search for possible differences in the kinematics
of chemical subpopulations. In this purely kinematic approach, we
thus chose the Plummer model merely for its convenient, simple,
yet flexible parametrisation and analytic description of a system
with a constant-density core. As we illustrate below, this parametri-
sation provides a satisfying description of the observed velocity
dispersion profile of the cluster (and of the different chemical sub-
samples considered) given the size of our dataset and the quality of
the data (see Section 3.2).
For the rotation curve, we assume cylindrical rotation and
adopt a functional form inspired by the outcome of violent relax-
ation (Gott 1973; Lynden-Bell 1967), and parametrized in the fol-
lowing way (e.g. He´nault-Brunet et al. 2012; Mackey et al. 2013):
Vrot sin i(XPA0 ) =
2 Arot
Rpeak
XPA0
1 + (XPA0/Rpeak)2
, (4)
where Vrot sin i is the rotational amplitude along the line of sight
at a projected distance XPA0 from the rotation axis, and Arot is the
peak rotational amplitude (again along the line of sight) occurring
at projected distance Rpeak from the centre. We define the position
c© 2016 RAS, MNRAS 000, 1–21
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Figure 2. Radial velocity map of the different subsamples (from left to right: full sample P1+P2+P3, “intermediate” P2, “extreme” P3) showing the position of
the stars in projected cartesian coordinates and the position angle of the inferred rotation axis (grey arrow) with 1-σ confidence intervals (shaded grey region).
The radial velocity of each star is indicated by its color, as shown in the color bar. We do not show the velocity map of the “normal” (P1) subsample because
it has a small number of stars and its putative rotation axis is poorly constrained.
Table 2. Median and ±1σ uncertainties for the six free parameters of the kinematic analysis of different chemical subsamples.
Sample Nstars v0 Arot Rpeak PA0 σ0 a
[km s−1] [km s−1] [arcmin] [◦] [km s−1] [arcmin]
P1 “normal” halo-like population 17 −243.9+1.8−1.9 2.4+2.7−1.7 2.9+2.2−1.9 56+53−134 8.8+2.5−1.9 3.0+1.9−1.6
P2 “intermediate” population 70 −245.0+0.7−0.7 1.3+1.1−0.9 2.5+2.2−1.4 24+49−39 7.0+1.4−0.9 3.1+1.8−1.4
P3 “extreme” population 24 −246.1+1.2−1.1 5.6+1.7−1.6 3.0+2.1−1.7 7+15−20 6.1+1.6−1.1 3.7+1.6−1.9
P1+P2 “normal” + “intermediate” 88 −244.7+0.6−0.6 1.4+1.0−0.9 2.1+2.3−1.2 33+57−37 7.0+1.4−0.8 3.3+1.7−1.5
P1+P2+P3 full sample 113 −244.9+0.5−0.5 2.7+0.9−0.8 1.5+1.0−0.6 14+19−16 6.6+0.8−0.6 4.1+1.3−1.4
angle (with respect to the centre of the cluster) as increasing anti-
clockwise in the plane of the sky from North (PA = 0◦) towards
East (PA = 90◦). We adopt negative values of Vrot sin i for posi-
tion angles between PA0 and PA0 + 180◦, where PA0 is the position
angle of the rotation axis in the plane of the sky. Given that the
inclination of the rotation axis with respect to the line of sight is
unknown, Vrot sin i is a lower limit to the actual three-dimensional
rotational amplitude (Vrot). If the rotational axis was aligned with
the line of sight, rotation would be in the plane of the sky and we
would obviously miss any rotational signature when using radial
velocities. With solid-body rotation in the inner parts and a rota-
tion curve peaking at intermediate radii (around the half-mass ra-
dius) followed by a decline, the functional form above conveniently
captures the general behaviour seen in self-consistent equilibrium
models of rotating stellar systems (e.g. Lagoute & Longaretti 1996;
Varri & Bertin 2012) as well as in evolutionary models of rotating
globular clusters (e.g. Kim et al. 2002; Fiestas et al. 2006; Hong et
al. 2013). As we show below, this parametrisation also satisfyingly
reproduces the observed rotation curve of the cluster (as well as
the rotation curve of the different chemical subsamples considered)
obtained from binning the radial velocity data (see Section 3.2).
To avoid projection effects due to the non-negligible angular
diameter and distance from the equatorial plane of M13, we project
the coordinates of each star on the plane of the sky along the line-
of-sight vector through the cluster centre (e.g. van de Ven et al.
2006), and we use those projected cartesian coordinates for our
kinematic analysis.4
Assuming a Gaussian distribution of velocities, the likelihood
function for an individual star is then given by
Λi(xi|Θ) = 1√
2 pi (σ2v,i + σ2)
exp
−(vi − v0 − Vrot sin i)22 (σ2v,i + σ2)
 , (5)
where v0 is the systemic radial velocity of the cluster, with the
other variables defined as above. Because our likelihood function
is based on the conditional probability of a radial velocity measure-
ment given the position of a star, our fitting procedure is not biased
by the spatial sampling of the stars in our sample and subsamples:
the kinematics is simply better constrained in regions of the cluster
that are better sampled, and less well constrained in regions that
are poorly sampled. Note that we do not include a contamination
term in our likelihood function since potential non-members have
already been excluded from our dataset.
Given that some metal-poor red giants within ∼ 0.5− 1.0 mag
from the red giant branch tip are known to exhibit a velocity jitter
at the level of ∼ 1.5 − 2.0 km s−1 (Carney et al. 2003), we also
4 To speed up the exploration of parameter space, the projected distance
XPA0 to the axis of rotation for each star can then be parametrized as its x
′
i
component in a rotated frame x′i = R(PA0)xi, where R(PA0) is a rotation
matrix in two dimensions.
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Figure 3. Line-of-sight velocity dispersion profile as a function of projected distance from the centre of the cluster for the subsamples P1+P2+P3 (left panels),
P2 and P3 (right panels). The upper panels show the profiles obtained from binning the data, and the lower panels show the best fits as solid lines with shaded
regions illustrating the 1-σ uncertainty envelopes of the dispersion profiles. Note that the fits were performed on the discrete velocities, and the binned profiles
are shown here only for illustration purposes.
Figure 5. Mean line-of-sight velocity as a function of projected distance from the rotation axis (i.e. rotation curve) for the subsamples P1+P2+P3 (left panels),
P2 and P3 (right panels). The upper panels show the rotation curves obtained from binning the data, and the lower panels show the best fits as solid lines with
shaded regions illustrating the 1-σ uncertainty envelopes of the rotation curves. Note that the fits were performed on the discrete velocities, and the binned
profiles are shown here only for illustration purposes.
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Figure 9. Ratio of the mean rotational amplitude over the one-dimensional velocity dispersion as a function of projected distance from the centre of the cluster
for the subsamples P1+P2+P3 (left panels), P2 and P3 (right panels), and adopting an inclination angle of 90◦, 60◦, or 30◦ (from top to bottom) between the
rotation axis and the line of sight. Best fits are shown as solid lines with shaded regions illustrating the 1-σ uncertainty envelopes of the Vrot/σlos profiles.
consider an additional broadening term in the Gaussian likelihood
function above, such that σ2v,i → σ2v,i + (2 km s−1)2 for bright giants
within 1 mag from the red giant branch tip of M13 (V=12). This
however only affects a fraction of our sample, and we performed
additional experiments by running the same analysis but without
including this velocity jitter term, which revealed that neglecting
this effect would not affect our results and conclusions.
The model parameters that we vary to find the best match to
the data are Θ = {v0, Arot,Rpeak,PA0, σ0, a}. For those parameters,
we adopt uninformative uniform priors over the following ranges:
−280 < v0 < −220 km s−1, 0 < Arot < 14 km s−1, 0.5 < Rpeak <
6 arcmin,−180 < PA0 < 180◦, 0 < σ0 < 14 km s−1, 0.5 < a <
6 arcmin. The boundaries were chosen to bracket a wide range of
possible values for our dataset. In particular, we expect Rpeak and
a to be comparable (within a factor of a few) to the half-light ra-
dius of M13 (1.69 arcmin based on the 2010 version of the Harris
catalogue; Harris (1996)). Throughout the analysis, we keep the
position of the centre of M13 fixed at α = 16h41m41.634s, δ =
+36◦27’40.75” (J2000).
To explore the parameter space and efficiently sample the pos-
terior probability distribution for the parameters above, we use
emcee (Foreman-Mackey et al. 2013), a python implementation of
the affine invariant Markov chain Monte Carlo (MCMC) ensemble
sampler of Goodman & Weare (2010). We typically consider 500
walkers, and for each of these 800 steps in parameter space. Con-
vergence is generally obtained within a few hundred steps or less,
and we consider a burn-in phase of 600 steps for all our fits to be
on the safe side. We also checked that our results are robust against
changes to the initial positions of the walkers.
The method described above presents clear advantages over
c© 2016 RAS, MNRAS 000, 1–21
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Figure 4. Same as the right panels of Figure 3, but comparing the line-of-
sight velocity dispersion profiles of subsamples P1 and P2.
Figure 6. Same as the right panels of Figure 5, but comparing the rotation
curves of subsamples P1 and P2.
the traditional method used for detecting/characterising rotation in
GCs (Cote et al. 1995; Bellazzini et al. 2012). The latter consists
of dividing the line-of-sight velocity dataset in two halves by a line
passing through the centre with a given position angle, and comput-
ing the mean line-of-sight velocity for each subsample. The posi-
tion angle of the dividing line is varied and the difference between
the mean velocities is plotted against position angle, and then the
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Figure 7. Posterior probability distribution of the rotational amplitude Arot
for the subsamples P2 and P3. The vertical dashed lines indicate 16%, 50%,
and 84% percentiles for each probability distribution.
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Figure 8. Posterior probability distribution of the difference in rotational
amplitude between the subsamples P3 and P2. The vertical dashed lines
indicate 16%, 50%, and 84% percentiles of the probability distribution. The
solid vertical line indicates that the probability that the difference is larger
than 0 km s−1 is 98.4%.
pattern is fitted with a sine function. The position angle for which
the difference in mean velocities is maximised gives an estimate
of the position angle of the rotation axis, and the amplitude of the
sine curve gives an indication of the mean rotational amplitude. It is
however difficult to obtain reliable uncertainties from that method,
because the data points shaping this sine pattern are all correlated
(the mean velocity difference for each data point is computed from
the radial velocities of the whole sample). Our discrete method
deals in a straightforward and reliable way with the uncertainties
on all fitting parameters, it avoids loss of information from binning
the data, and it has the advantage of treating the velocity dispersion
and rotational components simultaneously when comparing kine-
matic models to the data.
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3.2 Results
Table 2 lists, for the different subsamples considered and for the
six free parameters of our analysis, the median value from the pos-
terior probability distribution function (marginalised over all other
parameters), with error bars indicating the interval enclosing the
central 68% of the probability distribution. We also show in Fig-
ures A1, A2, A3, A4, and A5 of Appendix A the two-dimensional
projections of the posterior probability distribution on the planes
determined by every pair of parameters. These figures also show
histograms of the marginalised posterior probability distribution for
each parameter of the kinematic model.
Figures 3 and 4 show a comparison of the line-of-sight ve-
locity dispersion profiles of different subsamples (P1+P2+P3, P1,
P2, P3). The binned dispersion profiles are obtained by assuming
an equal number of stars in each bin (apart from the outermost bin
in which any additional leftover stars are also included) and using
the Maximum Likelihood estimator of Pryor & Meylan (1993) to
compute the dispersion in each bin and its uncertainty. For the ra-
dius of each bin, we adopt the mean radius of all the stars in that
bin, and for the error bar on the radius, we simply assume that they
extend over the whole radius range spanned by the stars in a given
bin. Recall that the fits were performed on the discrete radial veloc-
ity measurements, so these binned profiles are shown here only for
illustration purposes. Best-fit dispersion profiles inferred from our
fitting procedure are shown in the bottom panels of Figures 3 and
4, with shaded regions showing 1-σ envelopes. To obtain these 1-σ
envelopes, we first sampled 1000 sets of parameters from the post
burn-in phase of a given MCMC chain. From those, we then com-
pute the associated line-of-sight velocity dispersion profile. Then,
at a given radius, we find the 16% and 84% percentiles of the dis-
persion of all 1000 dispersion profiles, and repeat for different radii.
The solid lines representing the best-fit profiles represent the me-
dian of all the computed profiles at a each radius.
Similarly, Figures 5 and 6 show a comparison of the rotation
curves (mean line-of-sight velocity as a function of projected dis-
tance from the rotation axis) of different subsamples (P1+P2+P3,
P1, P2, P3). The binned rotation curves were obtained by adopting
the best-fit position angle for the rotation axis (Table 2), assuming
an equal number of stars in each bin (apart from the outermost bins)
and using the Maximum Likelihood estimator of Pryor & Meylan
(1993) to compute the mean line-of-sight velocity in each bin and
its uncertainty. Again, note that the fits were performed on the dis-
crete radial velocity measurements (taking into account uncertain-
ties in the position angle of the rotation axis), not on the binned
rotation curves. The 1-σ envelopes on the best-fit rotation curves
shown in the bottom panels of Figures 5 and 6 were obtained in an
analogous way as described above for the dispersion profiles.
We first note from Table 2 that the mean velocity (v0) of all
the chemical subpopulations considered is consistent (within 1σ)
with the mean velocity of the cluster as a whole. The line-of-sight
velocity dispersion of the different chemical subsamples are also
consistent with each other within 1σ, with only a slight hint of a
larger dispersion for population P1 compared to population P2, and
a larger dispersion for population P2 compared to population P3, a
trend that is in keeping with the more centrally concentrated distri-
bution of population P3 reported by Johnson & Pilachowski (2012)
(see e.g. He´nault-Brunet et al. 2015). The observed dispersion pro-
files decrease with increasing radius within the range of our data.
A clear rotation signature is found for the cluster as a whole,
with an amplitude Arot = 2.7+0.9−0.8 km s
−1. We emphasise again
that the rotational amplitudes reported here are lower limits to
the three-dimensional rotational amplitudes because our data is
only sensitive to the line-of-sight component of rotation, and the
inclination of the rotation axis with respect to the line of sight
is unknown for M13. Rotation is also obvious in population P3
(Arot = 5.6+1.7−1.6 km s
−1), while a much weaker rotational signal is
found for the dominant population P2 (Arot = 1.3+1.1−0.9 km s
−1 but
consistent with no rotation within 2σ), suggesting that population
P3 is driving the rotation signature found in the full sample. Un-
surprisingly, with a small number of stars in the P1 subsample,
the kinematics of the “normal” population is poorly constrained,
in particular its rotational amplitude (weak rotation but also consis-
tent with no rotation within 2σ) and the position angle of its pu-
tative rotation axis. For the cluster as a whole and all subsamples,
the rotation curve is consistent with solid-body in the inner parts
followed by a decline beyond ∼ 2 − 3 arcmin, although the peak
at intermediate radii is only visible in the binned rotation curve of
groups P1+P2+P3, P2, and to a lesser extent P3. This is in keep-
ing with observations of the rotation curve of other clusters such
as ω Cen (e.g. Merritt et al. 1997; Meylan & Mayor 1986; van de
Ven et al. 2006; Sollima et al. 2009) and 47 Tuc (e.g. Meylan &
Mayor 1986). We note that for population P3, it is possible that we
miss the declining part of the rotation curve because of the spatial
sampling and centrally concentrated distribution of that population.
Interestingly, the inferred position of the rotation axis of the differ-
ent populations considered is in agreement within 1σ uncertainties,
as can be seen from Figure 2 and Table 2.
The biggest kinematic differences are found when comparing
the rotation curves of the P2 and P3 subsamples (Figure 5), with
very similar results obtained when comparing P3 with the rest of
the cluster stars (P1+P2). With the kinematics of population P1
less well constrained, we cannot identify any difference between
the rotation curve of this population and that of P2 or P3 (see for
example Figure 6).
In Figure 7, we illustrate the difference in the rotational ampli-
tude of P2 and P3 by overlaying the posterior probability distribu-
tion of Arot for these two populations. To quantify this further, we
show in Figure 8 the posterior probability distribution of the differ-
ence in rotational amplitude between P3 and P2. This distribution
peaks at ∼ 4 km s−1 and is clearly skewed towards P3 having a
larger rotational amplitude than P2, with a 98.4% probability that
the rotation amplitude of P3 is larger.
To further illustrate the observed kinematic differences be-
tween P2, P3, and the cluster as a whole, we show in Figure 9 the
radial profile of Vrot/σlos for these samples averaged along specific
line of sights (with inclination angles of i = 90◦, i = 60◦, and
i = 30◦ between the rotation axis and the line of sight) in order to
give an idea of the degeneracy between inclination angle and intrin-
sic rotation. Note that the inclination angle of the rotation axis of
M13 is not constrained observationally, but i = 60◦ was adopted as
a rough estimate providing a satisfying agreement between obser-
vations and self-consistent rotating models by Lupton et al. (1987).
To build the Vrot/σlos profiles as a function of projected distance R
from the centre of the cluster, we average the absolute value of Vrot
over all angles in the meridional plane (i.e. x-y plane in Fig. 2) for a
given R and then divide by σlos(R). This is because for the assumed
cylindrical rotation, Vrot was defined above as a function of the dis-
tance from the rotation axis, not as a function of distance from the
cluster centre.
Vrot/σlos of the whole sample (P1+P2+P3) peaks at a value of
∼ 0.4 assuming i = 90◦, but the peak value could be as high as ∼ 0.7
for a less favourable inclination of i = 30◦. This peak occurs around
2 arcmin from the centre of the cluster, beyond which the Vrot/σlos
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profile is almost flat or possibly decreasing only very slightly within
the range of our data. A similar flattening of the profile is found
for subsamples P2 and P3, with a peak value reached further out
(∼ 5 arcmin) for population P3. It is interesting to note the impor-
tance of ordered motions for population P3, with Vrot/σlos reaching
a maximum of at least 0.5 but possibly even larger than 1 or 2 when
considering statistical uncertainties and the unconstrained inclina-
tion of the rotation axis. In comparison, the maximum Vrot/σlos for
P2 is generally at most ∼ 0.5 or lower.
4 DISCUSSION
4.1 Possible sources of contamination to the rotation
signature
Before discussing the interpretation of the rotational signature re-
ported in the previous section, we consider here possible sources
of contamination that could affect our observations and introduce a
spurious rotational signal in our radial velocity dataset.
One of these is a possible alignment of tidal tails with the line
of sight, which could mimic a gradient in the mean radial velocity
across the cluster (otherwise attributed to rotation) if the leading
and trailing tails are seen in projection on the cluster. Stars just
escaping from the Lagrange point towards the Galactic centre (for
the Lagrange point closest to the Galactic centre) or in the direction
opposite to the Galactic centre (for the Lagrange point furthest from
the Galactic centre) could also act as a source of contamination.
To verify possible line-of-sight alignments of the tidal tails or
Lagrange points of M13, we investigate the orientation of the clus-
ter’s orbit and Lagrange points. The present day velocity and uncer-
tainty were taken from Dinescu et al. (1999). We perform 200 or-
bit integrations using galpy (Bovy 2015) in the MWPotential2014
potential. Each orbit realisation assumes a velocity sampled from a
normal distribution with mean and dispersion equal to the literature
value and uncertainty. In Figure 10, the black lines show the orien-
tation of possible orbits for M13 in equatorial coordinates and also
in a Galactocentric cartesian frame with R = 8.3 kpc, y = z = 0
in top view (x-y) and side view (x-z). The blue (red) dot shows the
orientation of the Lagrange point that is less (more) distant from
the Galactic centre. These have been offset from the cluster cen-
tre by 0.5 kpc for illustration purposes. In this configuration, stars
escaping from the less (more) distant Lagrange point would have
radial velocities that are blueshifted (redshifted) with respect to the
systemic radial velocity of the cluster. The position of the Sun, M13
and the Galactic centre are also indicated in Figure 10, and the line
of sight is shown with a dashed line.
From this analysis, we infer that there is no alignment with
the line of sight from the tidal tails or the Lagrange points. We
cannot discard that there is some overlap of escaper stars with the
line of sight, but given the geometry of the orbit of M13, these
would be mainly observed in the outskirts of the cluster. The fact
that the rotation curve of M13 peaks at intermediate radii and then
declines further out argues against the idea that these escapers in
the outskirts of the cluster constitute a significant source of con-
tamination to the observed rotational signature. Moreover, it is for
the more centrally concentrated population (P3; Johnson & Pila-
chowski 2012) that we infer the fastest rotation, which also argues
against a significant contribution to the rotation signal from esca-
per stars in the outskirts of the cluster, because we would otherwise
expect the least centrally concentrated populations (P1 and P2) to
be the most affected. Finally, given that stars escaping from clusters
are preferentially lower mass stars, it is doubtful that a large popula-
tion of escapers would contaminate our sample of giants, unless the
cluster has lost a large fraction of its mass. The present-day mass
function of M13 (α = −0.98 ± 0.02 for 0.3 M . m . 0.8 M,
with dN/dm ∝ mα; Paust et al. 2010) is not strongly depleted in
low-mass stars and is indeed consistent with the cluster having lost
less than ∼ 30% of its initial mass due to two-body relaxation
(Trenti et al. 2010), so we expect the mean mass of the escaper
stars to be much lower than the typical mass of our observed gi-
ants. Tides can also give rise to rotation inside the cluster, because
unbound stars on retrograde orbits (with respect to the direction
of the cluster’s orbit) are more stable against escape than prograde
orbits (e.g. Tiongco et al. 2016). However, the resulting rotation
signature would be close to solid-body rotation and stronger in the
outer parts of the cluster, contrary to our observations for the same
reasons as outlined above.
Another effect could potentially introduce a spurious rota-
tional signal, but it is expected to be most important in objects
with a larger angular extent on the sky such as dwarf spheroidal
satellite galaxies of the Milky Way. In these extended objects, the
mean line-of-sight velocity of a star will depend on the position of
the star because of geometrical projection effects due to the proper
motion of the object, introducing a velocity gradient mimicking
solid-body rotation (e.g. Battaglia et al. 2013). Note again that the
rotation curve of M13 appears to peak at intermediate radii and is
not solid-body all the way to the outer parts of the cluster as would
be expected if this geometrical effect was important. Moreover, the
spurious solid-body rotation expected in this case would result in a
velocity field with a velocity gradient parallel to the proper motion
direction. From joint inspection of Figures 2 and 10 (left panel), we
can see that this is not the case and that the velocity gradient across
the cluster is actually almost perpendicular to the orbit of the cluster
projected on the sky. We thus conclude that the rotation signature
detected is not the result of geometrical/projection effects.
4.2 Global rotation of M13
The clear global rotation signal that we detected in M13, with an
amplitude of Arot = 2.7+0.9−0.8 km s
−1, is consistent with the rotation
curve obtained by Lupton et al. (1987, see their Fig. 5) from a
similar sample size but with less precise radial velocity measure-
ments. These authors also report a 1D central velocity dispersion
in the giants of ∼ 7 km s−1, consistent with our inferred central
velocity dispersion of σ0 = 6.6+0.8−0.6 km s
−1. From Integral Field
Unit (IFU) observations, Fabricius et al. (2014) measured a cen-
tral velocity gradient of ||∇v|| = 1.7 ± 0.1 ± 0.1 km s−1 arcmin−1
(attributed to cluster rotation) in the inner ∼ 1 − 2 arcmin of M13.
This is in excellent agreement with the central velocity gradient
||∇v|| ' 1.8 km s−1 arcmin−1 implied by the best-fit rotation curve
of our full sample (where ||∇v|| = δ(Vrot sin i(XPA0 ))/δXPA0
∣∣∣
XPA0 =0
=
2Arot/Rpeak). Note that our spectroscopic data do not probe as far
in as the IFU data of Fabricius et al. (2014), but the good match
between their observed central velocity gradient and the one im-
plied by our best-fit rotation curve lends further support to our as-
sumption of solid-body rotation in the inner parts of the cluster.
The position angle of the rotation axis reported by Fabricius et al.
(2014), PA0 = 16.5 ± 3.6 ± 7.8◦ 5 is also perfectly consistent with
our inferred value of PA0 = 14+19−16
◦.
5 Fabricius et al. (2014) actually report PAkin = 106.5◦, but in the conven-
tion adopted by these authors we would have PA0 = PAkin − 90◦ = 16.5◦.
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Figure 10. Orbit realisations (solid black lines) in the Milky Way potential for the GC M13, with variations between the different realisations capturing the
uncertainty in the measured velocity of the cluster. The orbits are shown in the plane of the sky in equatorial coordinates (left panel), and in the Galactocentric
cartesian frame (R = 8.3 kpc; y, z = 0) as a top view (x-y plane; middle panel) and side view (x-z plane; right panel). The position of the sun is indicated
with a black circle, the Galactic centre with a black triangle, M13 with a black plus sign, the line of sight with a dashed line, and the blue and red circles mark
the position of the Lagrange points, which have been offset from the cluster centre by 0.5 kpc in this schematic picture.
M13 not only rotates, it is also somewhat oblate6. This flatten-
ing was first observed using Palomar Sky Survey prints by Kadla et
al. (1976), who presented a curve of flattening and position angle
of the semi-major axis as a function of distance from the centre.
They found that the axial ratio of isodensity contours falls from
around 1.0 at small radii (∼ 0.7 arcmin) to about 0.85 at 6 arcmin,
with the position angle of the semi-major axis remaining roughly
constant at ∼ 110 − 120◦. Fabricius et al. (2014) also derived the
central ellipticity and position angle for the best-fitting ellipsoid
using published catalogues of the ACS survey of GCs. In the inner
100 arcseconds, they measured an ellipticity of ∼ 0.02 (i.e. axial
ratio of ∼ 0.98) with a position angle for the semi-major axis of
115.8 ± 3.8 ± 16.8◦. These position angles for the major axis of the
photometric ellipsoid are consistent with being shifted by 90◦ from
the position angle of the rotation axis, in agreement with what is
expected if internal rotation is responsible for the flattening of the
cluster7. This idea is further supported by the rotating distribution-
function based models of M13 by Lupton et al. (1987), which show
reasonable agreement with the observed variation of the axial ratio
of isophotes as a function of the semi-major axis (based on the data
by Kadla et al. 1976). The best-fit models of M13 from Lupton et
al. (1987) also have a position angle of 130±15◦ for the semi-major
axis, which is consistent with the measurements referenced above.
However, note that other measurements of the position angle of the
photometric semi-major axis appear discrepant from the ones listed
above. White & Shawl (1987) and Chen & Chen (2010) found a
position angle for the semi-major axis of 52 and 162◦, respectively,
with approaches sensitive to the inner (White & Shawl 1987) and
outer parts of GCs (Chen & Chen 2010). The two studies report
an axial ratio of 0.89 and 0.88, respectively. Note that the White &
Shawl (1987) work is based on optical data, while Chen & Chen
(2010) is based on the spatial distribution of 2MASS point sources
6 Kadla et al. (1976) also suggest that the cluster may be slightly prolate in
the very central parts (radii less than 0.7 arcmin), but these results should
be considered uncertain due to the small number of stars contributing to the
light in these regions (see discussions in Lupton et al. 1987).
7 For detailed examples of the connection between rotation and flattening
in the GCs ω Cen and 47 Tuc, see Bianchini et al. (2013).
(i.e. infrared), and differences in the position angle from these two
studies are frequent.
M13 is only one example in a long and growing list of
GCs showing evidence of internal rotation and/or deviations from
sphericity (e.g. Geyer et al. 1983; Meylan & Mayor 1986; White
& Shawl 1987; Gebhardt et al. 1994; Peterson & Cudworth 1994;
Meylan & Heggie 1997; van Leeuwen & Le Poole 2002; Ander-
son & King 2003; Chen & Chen 2010; Lane et al. 2010; Bellazzini
et al. 2012; Bianchini et al. 2013; Fabricius et al. 2014; Kacharov
et al. 2014; Lardo et al. 2015). That said, the link between rota-
tion and flattening is not necessarily obvious, because other factors
such as pressure anisotropy and Galactic tides can lead to flatten-
ing (e.g. Stephens et al. 2006; van den Bergh 2008). A simple and
commonly used tool to estimate the importance of rotation in shap-
ing the morphology of GCs is to place them in the V rotmax/σ0 vs.
 diagram, where V rotmax/σ0 is the ratio of the observed maximum
of the line-of-sight rotation profile to the central line-of-sight ve-
locity dispersion and  is the (global) ellipticity. We note that this
approach is no substitute to detailed dynamical modelling, because
it only compares global quantities while rotation and ellipticity can
vary significantly with radius as the anisotropy parameter changes,
and the position of a cluster in the V rotmax/σ0 vs.  diagram is also
sensitive to inclination effects (see discussion in Bianchini et al.
2013). The position of a cluster in the diagram is often compared
to the relation between V rotmax/σ0 and  expected for oblate rotators
viewed “edge-on” (Binney 2005; Cappellari et al. 2007). Assuming
an average ellipticity of ∼ 0.9 for M13 (see above), and estimat-
ing V rotmax/σ0 ' 0.4 ± 0.1 from the values of Table 2 for the whole
sample (and bearing in mind inclination effects), we find that M13
is in good agreement with the expected relation for an isotropic
oblate rotator (comparing for example with figures from Bianchini
et al. 2013; Kacharov et al. 2014). This suggests that the flatten-
ing is consistent with being caused by internal rotation. A value
of V rotmax/σ0 ' 0.4 ± 0.1 also places M13 among the GCs having
the largest fraction of energy in rotation. This evidence and the re-
maining discrepancies discussed above (e.g. mismatches between
the position of the semi-major axis from different studies) call for
a more detailed study modelling the interplay of rotation, pressure
anisotropy, Galactic tides and flattening in this cluster, which will
be helped by the precise radial velocities reported here and future
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proper motions from the Gaia satellite. This is however beyond the
scope of this paper.
Another useful diagnostic is the ratio of rotational amplitude
to velocity dispersion as a function of radius (Figure 9). Based on
evolutionary 2D Fokker-Planck models of rotating clusters, we ex-
pect the Vrot/σ profile to reach a maximum between about one
and several half-mass radii and then decrease with increasing ra-
dius (Kim et al. 2002; Fiestas et al. 2006). Such a profile has
been observed in other clusters like ω Cen and 47 Tuc (Meylan
& Mayor 1986), and is qualitatively consistent with what we ob-
serve in M138. As a cluster evolves it loses mass and angular mo-
mentum, and the radial position of the peak of the Vrot/σ profile
will move outward. The maximum value of Vrot/σ at a given time
also decreases monotonically with the dynamical age of the clus-
ter (Kim et al. 2002). Together, these features can provide useful
constraints on evolutionary models and may allow to put limits on
the initial amount of rotational energy in clusters. For example, the
relatively flat Vrot/σ profile of M13 over several half-mass radii
along with its modest maximum Vrot/σ value (even when consid-
ering more favourable inclination angles) could be indicative of a
post-core-collapse stage for this cluster, but we note that is rather
speculative and based solely on a qualitative comparison with the
results of Kim et al. (2002, see their Fig. 16). Detailed comparison
with evolutionary models will be necessary to quantify this further.
4.3 Connection between global rotation and multiple
populations
There may exist important connections between rotation and the
formation of GCs and their multiple populations. While today the
amount of rotational energy in clusters is typically not dominant, it
is also not negligible (0 < V rotmax/σ0 < 0.5, e.g. Meylan & Heggie
1997), and it could have been much more important initially be-
cause rotation is progressively wiped out as clusters evolve dynam-
ically. Rotation is a natural consequence of the cluster formation
process from the collapse of a star-forming cloud with net angu-
lar momentum, and differential rotation would naturally arise in
star clusters that form by undergoing the process of violent relax-
ation in the tidal field of their host galaxy (Vesperini et al. 2014).
Significant rotation at birth may be a ubiquitous property of GCs,
and therefore rotation could be a key ingredient for understanding
the widespread phenomenon of multiple populations in GCs (e.g.
Bekki 2010; He´nault-Brunet et al. 2015; Mastrobuono-Battisti &
Perets 2016).
Based on a sample of 25 Galatic GCs, Bellazzini et al. (2012)
reported possible correlations between global rotation (specifially
Arot and Arot/σ0, where Arot is a proxy of the mean rotational am-
plitude) and other cluster properties, some of which are sensitive to
the characteristics of multiple populations in GCs.
They suggested that there may be a weak anticorrelation be-
tween Arot/σ0 and the inter quartile range (IQR) of the Na-O an-
ticorrelation (a parameter defined by Carretta (2006) to measure
the extension of the Na-O distribution in clusters and thus directly
8 When comparing our Vrot/σ profile with those of Fiestas et al. (2006)
and Kim et al. (2002), note that our Vrot/σ values may be underestimated
because of the way we define Vrot compared to these authors. Our under-
standing is that they represent Vrot as the azimuthal velocity evaluated on
the equatorial plane, while we average the rotational velocity over all angles
in the meridional plane. With our assumed cylindrical rotation, this yields
lower values of Vrot at a given radius than if we reported the rotational ve-
locity on the equatorial plane.
related to the properties of multiple populations). The suggested
trend is such that clusters having a larger Arot/σ0 show a less ex-
tended Na-O anticorrelation. With a large Vrot/σ0 and a very ex-
tended Na-O anticorrelation, M13 does not support this suggestion,
and is instead similar to other outliers of such a possible trend like
the peculiar NGC 2808 and ω Cen.
A somewhat clearer trend was reported by Bellazzini et al.
(2012) between Arot/σ0 and metallicity ([Fe/H]), with higher metal-
licity clusters having typically larger values of Arot/σ0. M13 does
not really strengthen that conclusion with its high Arot/σ0 compared
to all other clusters in the moderately metal-poor regime around
[Fe/H] = −1.5.
Another correlation was found by Bellazzini et al. (2012) be-
tween Arot/σ0 and the horizontal branch morphology parameter
( B−RB+R+V ), with GCs having a bluer horizontal branch typically dis-
playing lower Arot/σ0. Metallicity is the most important parameter
in shaping the morphology of the horizontal branch (e.g. Lee et al.
1990) so it might play a role here as well, but since this correlation
with the horizontal branch morphology parameter was found to be
stronger than the correlation between Arot/σ0 and [Fe/H], there are
likely additional parameters at play. Possible additional parameters
include age and/or chemical abundance differences (in particular
He) linked to variations in the properties of multiple populations
(e.g. VandenBerg et al. 2013). In any case, M13 is a clear out-
lier that does not fit this picture with a large Arot/σ0 despite its
bimodal and extremely blue horizontal branch with B−RB+R+V = 0.976
(Sandquist et al. 2010).
Finally, note that Bellazzini et al. (2012) also found signifi-
cant correlations between the amplitude of rotation Arot and some
intrinsic cluster properties (namely B−RB+R+V , MV , σ0, and [Fe/H];
with MV and σ0 both tracing cluster mass). The correlation of Arot
with the horizontal branch morphology parameter was found to
be particularly strong, but even stronger and more significant was
the correlation of Arot with two linear combinations of parameters:
B−R
B+R+V + 0.47MV and MV − 1.73 [Fe/H]. With MV found to cor-
relate with the level of He enrichment (brighter clusters typically
have larger He abundance spreads; Milone 2015) and also found to
play a role in bi-variate correlations involving parameters related
to the anticorrelation phenomenon (Carretta et al. 2009), all these
possible relations hint at a complex interplay between cluster mass,
rotation, and the chemical properties of multiple populations. In-
vestigating the kinematics of subpopulations in massive and rapidly
rotating GCs with distinct or extreme chemical patterns like M13
may help to unveil some of the details behind of this interplay.
4.4 Difference in the rotational amplitude of multiple
populations: implications for formation scenarios
The multiple populations of M13 are not fully mixed (the extremely
O-depleted population is more centrally concentrated; Johnson &
Pilachowski 2012), as expected based on its relatively large mass
of ∼ 6 × 105 M (Leonard et al. 1992), its Galactocentric radius of
8.4 kpc (Harris 1996), and a mass function that is not strongly de-
pleted in low-mass stars suggesting only moderate mass loss due to
two-body relaxation (see discussion and references in Section 4.1).
On that basis, it is also not surprising that we were able detect
kinematic differences between subpopulations (He´nault-Brunet et
al. 2015).
But before we can establish that the observed difference in ro-
tational amplitude between the multiple populations of M13 stems
for the formation and early evolution of the cluster, we first need
to consider whether this signature could simply be a product of
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dynamical evolution. This could happen if the distinct chemical
populations also have different mean stellar masses. One way to
achieve this is through differences in their initial He fraction. Us-
ing far-ultraviolet and optical CMDs from HST, Dalessandro et al.
(2013) estimated a maximum helium abundance of Y ∼ 0.3 for
stars in M13 (see also VandenBerg et al. 2013). Based on Dart-
mouth isochrones with [Fe/H] = −1.5, an age of 12.25 Gyr and
[α/Fe] = 0.4 (VandenBerg et al. 2014) appropriate for M13, giants
with normal He (Y = 0.247) have masses of 0.82 M, while He-
rich giants (Y = 0.33) have masses of 0.7 M. Assuming that the
extremely O-depleted giants in M13 are also the most He-enriched,
we estimate that they would be about 0.1 M less massive than their
He-normal counterparts.
The dynamical evolution of rotating clusters with two mass
components or a mass spectrum has been studied with Fokker-
Planck models (Kim et al. 2004), direct N-body simulations (Ernst
et al. 2007), or both (Hong et al. 2013). From these studies, the main
dynamical evolution process that would lead to a difference in rota-
tional amplitude between different mass species actually causes the
most massive stars in the central parts to rotate faster than lower
mass stars. Two main factors are instrumental in determining the
evolutionary behaviour of the rotational properties of the models:
the transport of angular momentum within the radial extension of
the system, as driven by collisional relaxation (which obviously
takes place also in equal-mass systems) and the exchange of angu-
lar momentum between different mass species, in association with
the tendency towards energy equipartition. The second factor is in-
trinsically linked to the process of mass segregation, i.e. the fact
that more massive stars tend to become progressively more radi-
ally concentrated, as a result of their relaxation-driven evolution.
In the presence of global internal rotation, the interplay between
mass segregation and transport of angular momentum is highly
non-trivial, but the investigations quoted above have already of-
fered some evidence that heavier component becomes more cen-
trally concentrated and are characterised by a higher angular veloc-
ity, compared to the lower mass component, which is spatially more
diffuse and slower rotating. The two components then experience a
rather different evolution, with the angular velocity of the heavier
component increasing very rapidly during the early phases, while
that of the lighter stars shows only a moderate increment (see Fig. 6
from Kim et al. 2004). In addition, these results seem to have a sig-
nificant dependence on the initial rotation strength of the systems
(see also Hong et al. 2013), and it should be stressed that, in this
context, the different mass components start with the same value of
angular velocity.
From the mass differences estimated above for the extremely
O-depleted (He-rich) giants compared to He-normal giants, the ex-
pected effect of dynamical evolution outlined above for multi-mass
rotating systems is thus opposite to the difference in rotational am-
plitude that we detected in M13 (where the presumably less mas-
sive stars are rotating more rapidly). Moreover, differences in the
peak rotational velocity of different mass species remain relatively
small in the models of Kim et al. (2004) and Hong et al. (2013),
despite much larger mass ratios between the different components,
while we find that the peak rotational velocity of the extreme popu-
lation is much larger (a factor ∼ 4) than the peak rotational velocity
of the other subpopulations. We thus argue that the faster rotation
inferred for the extreme population (P3) in M13 is not, as far as we
can tell, an effect produced by the long-term dynamical evolution
of the cluster.
In a different context than multiple populations or mass
species, Kim et al. (2002) mentioned another effect which could
give rise to strong rotation for stars in the central regions of a clus-
ter: collisions between stars or binaries could produce such a result
since the collisions dissipate the relative kinetic energy of the col-
liding particles but conserve their net angular momentum in the
cluster potential. If somehow the extreme O depletion and Na en-
richment of population P3 can be linked to the formation of these
stars via stellar mergers in the central regions of the cluster, in par-
ticular during its early evolution when the cluster was much denser,
then this would potentially explain the more centrally concentrated
distribution of this population and its faster rotation. In such a sce-
nario, we would expect the rotation axis of this extreme population
to align with the rotation axis of the bulk of the cluster stars, which
is consistent with what we observe in M13.
Through conservation of angular momentum, a faster rotation
and more centrally concentrated distribution is also expected for a
stellar population that would form from dissipative accretion of en-
riched gas onto the central regions of the cluster (e.g. Sandage &
Fouts 1987). This is what Bekki (2010) also predicted in the con-
text of self-enrichment of the cluster by AGB stars (e.g. D’Ercole
et al. 2008). In Section 1, we pointed out some of the problems af-
flicting such a scenario, in particular the mass budget problem. The
mass budget problem would perhaps be less of a concern if only the
extreme population was formed in this way, but it would not solve
many of the other problems with AGB ejecta as a source of pollu-
tion, for example the absence of gas, age spreads, or ongoing star
formation in young massive clusters9, and the cluster-to-cluster dif-
ferences in the relative He and Na enrichment (Bastian 2015; Bas-
tian et al. 2015). Plus, it would not address the question of how the
rest of the Na-enriched stars (with less extreme O depletion) got
polluted. In this scenario, we would also expect the rotation axis to
be the same for different subpopulations.
The opposite difference in rotation trend is expected from a
scenario in which the most enriched stars are the ones initially
crossing the core of the cluster and preferentially on radial (low
angular momentum) orbits (e.g. the early disc accretion scenario
of Bastian et al. 2013). In this case, the rotational amplitude of the
enriched stars at a given radius would be lower initially (assuming
the cluster has some net rotation; see He´nault-Brunet et al. 2015),
which is contradicted by our observations of the faster rotation of
population P3 in M13. As mentioned in Section 1, this scenario is
already disfavoured for other reasons.
5 SUMMARY AND CONCLUSIONS
We used radial velocities from spectra obtained with the WIYN
telescope to probe the presence of kinematical differences among
M 13 multiple populations. The existing chemical tagging (in par-
ticular Na and O abundances) for our sample of stars coupled with
the radial velocities measured in the present work make this dataset
well-suited for this exploration.
We fitted a six-parameter kinematic model including rota-
tion to the full dataset and various chemical subsamples. In ad-
9 This is assuming that young massive clusters are the younger counterparts
of old, Galactic GCs. However, while they have sizes, luminosities, and
masses comparable to those of old globulars, no sign of the presence of
chemical anomalies has been detected so far in young massive clusters. On
the other hand, the proposed scenarios for the origin of multiple populations
typically do not make a distinction about the epoch of cluster formation and
implicitly assume that the multiple population phenomenon should also be
at play in young massive clusters.
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dition to improved constraints on the global rotation and impor-
tance of rotational support in M13, we found a significant differ-
ence in the rotational amplitude of different subpopulations. The
most likely difference between the rotational amplitude of the ex-
tremely O-depleted population and the rest of the sample was found
to be ∼ 4 km s−1(with the extreme population rotating faster), with
98.4% probability that the rotational amplitude of this extreme pop-
ulation is larger than the rotational amplitude of the rest of the sam-
ple. We also find that the inferred position angle of the rotation axis
for the different subpopulations considered is consistent, within un-
certainties, with the hypothesis that all subpopulations share the
same rotation axis, although it must be said that the rotation axis of
the “normal” halo-like subpopulation is poorly constrained.
We suggested that the origin of such a kinematical signature in
M13 is likely a signature imprinted early in the formation history of
this non-fully mixed GC. This would open up the possibility to use
kinematics to distinguish between different scenarios for the forma-
tion of multiple populations (e.g. He´nault-Brunet et al. 2015). We
also argued, based on previous modelling that explored the evolu-
tion of multi-mass rotating systems, that this signature is unlikely
to result from the long-term dynamical evolution of the cluster and
be caused by mean stellar mass differences between the subpopu-
lations.
Given the modest size of our sample, it will be desirable to
follow up on these findings and hopefully improve the statistical
significance of the reported difference in the rotation signals of
subpopulations. Building a larger sample (in particular increasing
the sample of O-depleted stars, which exhibit the stronger rota-
tional amplitude in our dataset) would benefit from a different ob-
servational strategy, since chemical tagging using high-resolution
spectroscopy is observationally expensive. An effective alternative
method for tracing light-element abundance variations in GCs is
based on photometry with narrow-band filters sensitive to C, N, and
O abundances. This is the approach adopted by the Hubble Space
Telescope UV Legacy Survey of Galactic GCs (Piotto et al. 2015),
from which eventual catalogues of chemically tagged stars (which
will include M13), complemented by Gaia proper motions and/or
ground-based radial velocities, will facilitate a robust statistical ex-
ploration of the kinematical properties of Galactic GCs and their
multiple populations.
Whether different degrees of rotation between chemical sub-
populations in GCs is the norm or the exception remains to be stud-
ied on large samples of stars in more clusters. Similarly, whether
the most O-depleted and Na-enriched stars systematically rotate
faster than other subpopulations should be checked. Searching for
these kinematic imprints and understanding why kinematic differ-
ences exist are crucial and necessary aspects of the study of GC
formation and evolution.
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Figure A1. Projections of the posterior probability distribution on the planes determined by every pair of parameters (see Section 3) of our kinematic analysis of
the full sample of stars in M13 (P1+P2+P3). Contours indicate 1, 2 and 3-σ levels. Histograms representing the marginalised posterior probability distribution
of each parameter are also shown.
APPENDIX A: SUPPLEMENTARY FIGURES
For completeness, we show here one and two-dimensional projec-
tions of the posterior probability distribution of the six free parame-
ters of our kinematic model for the different subsample considered.
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Figure A2. Same as Figure A1, but for the subsample of “intermediate” stars (P2).
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Figure A3. Same as Figure A1, but for the subsample of “extreme” stars (P3).
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Figure A4. Same as Figure A1, but for the subsample of “normal” stars (P1).
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Figure A5. Same as Figure A1, but for the subsample of “normal” and “intermediate” stars (P1+P2).
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